Introduction
Bipolar disorder (BD) is a severe and chronic psychiatric disorder that is characterized by episodes of mania and depression. The main strategy in the treatment of BD is to prevent new episodes of illness. The usage of lithium (Li) as a long-term mood stabilizer is established as firstline maintenance treatment [1] . Li with another mood stabilizer in combination, valproate (VPA), for the prevention of episodes, has increased in recent years and there is also good evidence supporting the usage of Li with antipsychotic drugs in combination, for more treatmentresistant bipolar patients [2] .
The concordance rate of BD in monozygotic twins has been estimated to be 40-70%, which indicates that genes alone do not account for the etiology of the disorder [3] . It has been proposed that a part of this 'missing heritability' in BD may be accounted for by epigenetic modifications [4] . The term 'epigenetics' is broadly used to describe mechanisms and molecular marks, like DNA methylation and histone modifications, that affect gene expression without altering the DNA sequence itself [5, 6] . There is emerging evidence suggesting that different environmental stimuli, including exposure to drugs, may affect the epigenome. For example, VPA is known to act as a histone deacetylase inhibitor (HDACi) that may affect both histone and nonhistone marks, and there is a strong link between histone modifications and DNA methylation [7] . VPA treatment of mice at possible therapeutic concentrations showed a hypomethylating effect in the brain on Reelin and Gad67 promoters [8, 9] . The VPA effect on methylation of other genes in animals is unfortunately unknown. The HDACi effect of VPA was present for H3 but not H4 [10] .
Some previous in vitro studies in neuroblastoma cell lines suggested that VPA treatment is associated with global hypermethylation [11] [12] [13] . Further, Huzayyin et al. [14] reported decreased global methylation in lymphoblast cell lines from lithium-treated bipolar patients who responded well to Li compared to healthy controls.
In the present study we investigated global DNA methylation in leukocytes from bipolar patients with different pharmacological maintenance treatments.
Material and Methods
A cohort (n = 256) with the clinical diagnosis of BD on Li medication was recruited from the Unit of Affective Disorders at Psychiatry Southwest, in Stockholm, Sweden. Lifetime manic and depressive symptoms were assessed by a trained psychiatric nurse using the modules for mania and depression in the Schedules for Clinical Assessment in Neuropsychiatry, as previously described [15] . Li response was then measured according to the Retrospective Criteria of Long-Term Treatment Response in Research Subjects with Bipolar Disorder (Alda scale), considering the reduction of bipolar symptoms after the beginning of Li treatment (criterion A, range 1-10), adjusted for known confounders, the number of episodes before/off the treatment (B1), the frequency of episodes before/off the treatment (B2), the duration of Li treatment with serum concentrations of 0.5-0.9 mmol/l (B3), the compliance during period(s) of stability (B4), and the use of additional medication during periods of stability (B5). The sum of B scores (B1-B5) was then subtracted from the A score [16] .
From this cohort, all those with a therapeutic lithium serum concentration during at least 3 months that were under lithium monotherapy (Li-mono; group I) or Li therapy in combination with either VPA (group II) or neuroleptic drugs (group III) were selected. Because smoking has been reported to influence DNA methylation [17] and in a preliminary analysis of BD (n = 96) we found smoking to associate with higher levels of leukocyte methylation, only patients being nonsmokers during the year before sampling were finally included in the study (n = 64). Nonsmoking, normal-weight (BMI 20-25), healthy controls (group IV), age-and gender-matched to the combined BD groups (I-III), were selected from well-characterized healthy individuals from the Stockholm Diabetes Prevention Program at the Karolinska University Hospital [18] . Clinical characteristics of the subjects that were successfully profiled for DNA methylation levels are shown in table 1 .
Global DNA Methylation DNA from peripheral blood samples was extracted using a sodium dodecylsulfate-urea and phenol/chloroform/isoamylalcohol procedure, as previously described [19] . Global DNA methylation levels were measured with the 5-mC DNA ELISA Kit (Zymo Research Corporation, Irvine, Calif., USA), a method used for the quantification of global DNA methylation which utilizes 5-mC antibodies that bind specifically to methylated sites of the genome. In brief, DNA samples ( ∼ 100 ng), processed in duplicates, were denatured at 98 ° C for 5 min. After cooling down, denatured DNA was coated in ELISA plates at 37 ° C for 1 h. Then the plates were washed several times followed by blocking at 37 ° C for 30 min. An antibody against 5-mC was incubated at 37° for 1 h followed by washing and developing steps. The absorbance was measured at 405 nm using an ELISA plate reader. Two identical samples were included in each plate for interplate calibration, and a standard curve (including 5-mC levels of 0, 10, 25, 50, 75 and 100%) was generated in each plate for calculating methylation levels and monitoring the efficiency. Relative values were calculated by normalizing the mean methylation values from each sample to the same interplate calibrator. DNA samples with a standard deviation of >0.1 between duplicates were omitted from the analyses (n = 3). Males: the gender distribution is not statistically different between groups tested using Pearson's χ 2 test, p = 0.66. Age: median (25th, 75th percentiles) range. Global DNA methylation level: relative value, mean ±1 standard error of the mean. a p < 0.05, compared with healthy controls using ANCOVA adjusted for age and sex; b p < 0.05, compared with group I using ANCOVA adjusted for age and sex; c p < 0.05, compared with group I after Bonferroni correction.
Statistical Analyses
Differences in clinical characteristics between study groups were assessed using Pearson's χ 2 test or Kruskal-Wallis test. Dependence of global DNA methylation on VPA and antipsychotic treatment was assessed using analysis of covariance (ANCOVA) after adjusting for age and sex. A p value of < 0.05 was regarded as statistically significant. The analyses were performed using IBM SPSS Statistics version 22 (IBM Corporation, Armonk, N.Y., USA).
Results

Bipolar Patients under Lithium Monotherapy Had Reduced Leukocyte DNA Methylation
Global DNA methylation levels were not statistically different between all bipolar patients (combined groups I, II and III) and healthy controls, after adjusting for age and sex (BD vs. controls: F = 0.001, p = 0.97; age: F = 1.60, p = 0.21; sex: F = 3.32, p = 0.072; ANCOVA). However, there was a difference in distribution of methylation level between the 4 groups (F = 3.35, d.f. = 3, p = 0.023; age: p = 0.42; sex: p = 0.016; ANCOVA). Li-mono had a lower DNA methylation level than controls (F = 4.63, p = 0.036; age: p = 0.76; sex: p = 0.70; ANCOVA, fig. 1 ). We did not find a relationship between methylation and Alda score at sampling (p > 0.05).
VPA Treatment Was Associated with DNA Hypermethylation in Bipolar Patients
Several findings have shown that VPA affects DNA methylation in vitro [13] . We tested whether VPA treatment influenced the DNA methylation levels in bipolar patients by comparing group I (Li-mono) and group II (Li + VPA). The bipolar patients under both Li and VPA treatment had significantly higher DNA methylation levels compared to the Li-mono group, after adjusting for age and sex (Li + VPA vs. Li-mono: F = 7.27, p = 0.011; age: p = 0.57; sex: p = 0.39; ANCOVA).
Trend for DNA Hypermethylation in Bipolar Patients on Antipsychotic Treatment
Next, we tested if neuroleptic drugs influenced the DNA methylation levels in BD. By comparing group I (Limono) with group III (Li + antipsychotics), we found a trend for increased DNA methylation levels in the patients under a combination treatment with Li and antipsychotics compared to those under Li monotherapy. However, this difference was not statistically significant after adjusting for age and sex (Li + antipsychotics vs. Limono: F = 3.4, p = 0.071; age: p = 0.56; sex: p = 0.17; AN-COVA).
Discussion
To our knowledge, this is the first study to examine the relationship in bipolar patients between global DNA methylation levels and treatment with different mood stabilizers used in BD. We found that patients under Li monotherapy displayed lower levels of global leukocyte methylation compared to healthy controls. However, we did not find a relationship between methylation and Li response. Bipolar patients on Li and VPA in combination displayed higher levels of global DNA methylation compared to patients under Li monotherapy.
Our finding that bipolar patients with Li monotherapy had leukocyte hypomethylation could suggest that Li causes corresponding epigenetic changes in the brain of the same individuals. Lithium's neuroprotective effects are partly mediated by the inhibition of glycogen synthase kinase 3β that promotes cell survival and protects the brain during toxic exposure [20] . A new finding has shown that inhibition of glycogen synthase kinase 3β in stem and germ cells leads to pronounced reduction of DNA methylation [21] , which strengthens the suggestion that Li may have epigenetic effects that underlie the mechanisms leading to hypomethylation, but in this previous study there were only bipolar patients with a good Li response [14] . The fact that global DNA methylation levels did not differ when comparing all the bipolar patients overall with healthy controls could be explained by the groups who had Li in combination with antipsychotics or VPA. VPA is known to act as a HDACi [22] . In addition, there are in vitro studies suggesting that VPA may lead to altered DNA methylation [23] , which may be a consequence of the strong link between histone modifications and DNA methylation [7] . In neuroblastoma cell lines, VPA had the potential to lead to both hypermethylation and hypomethylation at specific gene sites, with a tendency to an overall shift towards hypermethylation [13] . Similarly, VPA increased global DNA methylation in neuroblastoma cell lines. In accordance with these data, we found that bipolar patients on both Li and VPA were hypermethylated compared to those on Li monotherapy.
In schizophrenia studies, it was found that patients on neuroleptic drugs may display higher global DNA methylation levels compared to those without neuroleptic drugs [24] [25] [26] . In the bipolar patients whom we examined, we observed a tendency (p = 0.07) towards higher levels of global DNA methylation in those on both Li and antipsychotics compared to patients under Li monotherapy.
Although the role of epigenetics in BD has been studied in recent years and gained support, very few studies have examined the relationship between treatments in psychiatric disorders, their therapeutic responses and the DNA methylation status of the patients [14, 27, 28] . Our first finding indicates that global DNA methylation levels are not altered in the leukocytes of BD patients overall, which is in line with what has been previously reported [29] . However, the DNA methylation levels in leukocytes may not necessarily reflect the molecular changes found in the brains of patients with neuropsychiatric disorders. For instance, there is one postmortem study that found increased global DNA methylation in the frontal cortex of bipolar patients [30] . Nevertheless, using more accessible organs, like blood, allows for the molecular monitoring of living patients and the study of drug-epigenome interactions similar to the ones indicated by the present report. Further, our data are in line with the recent study that showed that Li response was associated with hypomethylation compared to healthy individuals [14] . However, that study did only investigate good Li responders. And they did not compare DNA methylation in Li responders to other Li-treated bipolar patients. When doing the same analysis in both Li responders and nonresponders in our study, and according to the Alda scale, we could not find such an association. Thus, lithium's epigenetic effects may be independent of Li response.
When conducting epigenetic psychopharmacological studies, it is also important to consider the confounding effects of nonmedicinal substances known to affect the epigenome. For example, there is evidence that smoking may cause gene-specific hypermethylation or overexpression of DNA methyltransferases [17, 31] through e.g. smoking-induced DNA damage and hypoxia with downstream effects on enzyme activation and gene transcription [32] . In line with these data, we found that smokers displayed a significantly higher level of global DNA methylation compared to nonsmokers, and due to the retrospective design we excluded smokers from the study. When interpreting the results, one should also have in mind that all the patients were sampled in their euthymic state. This might affect the outcome, since the expression of DNA methyltransferases in white blood cells has been shown to vary depending on which state the patients are in [33] .
Strengths of this study include: (i) the method used for quantification of global DNA methylation utilizes 5-mC antibodies that bind specifically to methylated sites of the genome, providing specificity compared to DNA methylation methods based on bisulfite conversion that cannot distinguish between DNA methylation and hydroxymethylation [34] ; (ii) when analyzing the effects of treatment, we corrected for the interactive effects of different drugs, which is of importance since combination therapy in BD is very common and previous studies of DNA methylation in BD have not examined the interaction between drugs [29] , and (iii) this study is the first to measure Li response based on a specific continuous scale (the Alda scale) which takes into consideration well-known confounders, such as severity before and after treatment, duration of illness before Li treatment and the number of episodes before treatment [16] .
Even if our results provide putatively novel insights into the link between BD treatments and DNA methylation, these data should be regarded as exploratory given some main limitations in this study: (i) the sample size was rather small; (ii) we used a surrogate tissue (leukocytes) which may not mirror DNA methylation changes in the brain; (iii) alcohol, substance abuse and comorbidities may have an impact on DNA methylation pat-terns [17, 35] but could not be taken into consideration due to a lack of such information; (iv) there were no patients on VPA or antipsychotics in monotherapy; (v) due to the small sample size we could not compare the effect of separate antipsychotics on DNA methylation, and (vi) we cannot exclude the possibility that the identified differential methylation level was due to differential leukocyte profiles. We did not have access to the distribution of leukocyte types. However, the DNA hypomethylation in bipolar patients with Li in monotherapy is in line with the previous finding of DNA hypomethylation in transformed lymphoblasts from Li responders [14] . There is only one study about VPA's effect on leukocyte distribution, in which VPA was associated with a similarly sized (5%) reduction in neutrophils and in CD4+ lymphocytes [36] .
Although epigenetic changes have been implicated in the etiology of psychiatric disorders [4] , little is known about the epigenetic components of BD and the epigenetic influences of medications used in the treatment of the disorder. Findings of the present study imply that the usage of mood stabilizers may lead to systemic epigenetic effects. This study does not examine the molecular mechanisms that link epigenetics with BD pathophysiology, but its findings may still be of importance in future clinical practices since there is a high demand for biomarkers of treatment response in BD. However, in order to find biomarkers for BD, a more comprehensive understanding of the molecular mechanisms behind this observation is needed. In future studies, it is also important to assess the effects of separate mood stabilizers on global DNA methylation prospectively in larger cohorts conducted on drug-naive bipolar patients in the euthymic state before and after medication.
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